150 words) 37 Prior evidence suggests that the anterior cingulate cortex (ACC) is required for choosing high 38 effort options over less effortful alternatives. Here, rats earned a high-value sucrose reward by 39 lever pressing on a progressive ratio schedule in either the presence (choice) or absence (no-choice) 40 of freely available, low-value lab chow. Disruption of ACC, either via chemogenetic inhibition or 41 excitation, reduced lever pressing for high-value reward in the choice, but not in the no-choice, 42 condition. In vivo calcium imaging revealed cell populations in ACC that selectively responded 43 prior to lever pressing and during sucrose retrieval. These responses were significantly weaker 44 during choice than no-choice sessions, which may have rendered them more susceptible to 45 chemogenetic disruption. Our results suggest that neural responses in ACC encode the relative 46 value of competing outcomes, and that the amount of effort an animal is willing to exert is 47 proportional to the magnitude of this relative value signal. 48 49 photon, calcium imaging 50 51 109 under CaMKIIα in ACC, labeled Gi. (B) Schematic reconstruction of maximum (red) and 110 minimum (pink) viral spread for all rats. Numerals depict +Anterior-Posterior (AP) level relative 111 to Bregma. Scale bars 1mm. (C) Representative photomicrograph showing eGFP (null virus) under 112 CaMKIIα in ACC, labeled GFP. (D) Schematic reconstruction of maximum (dark grey) and 113 minimum (light grey) viral spread for all rats. Numerals depict +Anterior-Posterior (AP) level 114 relative to Bregma. Scale bars 1mm. (E) Representative photomicrograph showing hM3Dq-115 mCherry DREADDs expression in ACC, labeled Gq. (F) Schematic reconstruction of maximum 116 (light green) and minimum (dark green) viral spread for all rats. Numerals depict +Anterior-117 Posterior (AP) level relative to Bregma. Scale bars 1mm. 118 119 Ex vivo electrophysiological validation of DREADDs. We confirmed the efficacy of our 120 DREADDs in slice recordings. A separate group of rats was prepared with Gq DREADDs in ACC 121 (Cg1) using identical surgical procedures to the main experiments (Figure 2A). As described in 122 Methods, a bipolar stimulating electrode was placed near the medial wall in layer I of ACC, and a 123 glass microelectrode filled with ACSF (resistance = 5-10 MΩ) was placed in layer 2/3 of ACC to 124 record field potentials and multiunit responses elicited by layer 1 stimulation. Using similar 125 methods, we have previously reported that application of CNO strongly suppressed evoked field 126 potentials in Gi transfected slices in ACC (Stolyarova et al., 2019). Here, we found that application 127 of CNO induced spontaneous bursting in four out of six Gq transfected slices (spontaneous activity 128
Introduction 52
Real-world decisions rarely involve choosing between unambiguously favorable vs. 53 unfavorable options. Often, options must be evaluated along multiple dimensions that incorporate 54 an evaluation of the rewards themselves as well as the actions or efforts to procure them cohort of animals we utilized in vivo miniaturized fluorescence microscopy (UCLA "miniscopes") 97 to compare calcium activity in ACC and to evaluate how populations of neurons in this region 98 respond during no-choice (PR) and choice (PRC) sessions. 99 
Results

100
Histology. Reconstructions of viral spread confirmed that most placements were centered 101 on the targeted region of Cg1 in ACC (Figure 1) . DREADD expression was driven by a CaMKIIα 102 promoter, which is thought to selectively target projection neurons in cortex (Nathanson et al., 103 2009; Wang et al., 2013) . Viral spread in the Gi and Gq groups was quantified by pixel count using 104 GIMP software (see Methods). There was no significant difference between Gi and Gq groups 105 (t(20)=2.03 p=0.056; Gi = 25258 ± 3121 total mean pixels; Gq = 17736 ± 2002 total mean pixels). Lever press training. Rats were trained over a series of days to press a lever for food on a 147 progressive ratio (PR) schedule (where the required number of presses to earn each pellet increased 148 throughout the session according to a prescribed formula; see Methods). After reaching criterion, 149 rats received systemic injections of either VEH or CNO (in a counterbalanced repeated measures 150 design) prior to subsequent sessions, which alternated between two different types: 1) progressive 151 ratio choice (PRC) sessions during which a ceramic ramekin containing 18 g of freely available 152 lab chow was introduced to the chamber (modified from Randall et al., 2012) , and 2) PR only 153 sessions during which the rat pressed on the progressive ratio schedule with no other food available 154 (as during prior training). During PRC sessions, rats were free to choose between consuming 155 freely-available (but less preferred) chow versus lever pressing for preferred sucrose pellets,
whereas during PR sessions, the only reward option was to lever press for sucrose pellets. In 157 general, lever pressing rates were higher during PR sessions than PRC sessions (Figures 3 and 4) , 158 indicating the free chow draws behavior away from lever pressing (Salamone et al., 2018) and 159 animals emit fewer lever presses in PRC sessions than in PR sessions. 160 Gi inhibition of ACC. We found that chemogenetic inhibition of ACC significantly Figure 1A ). Hence, food preference was intact and not affected by CNO injection. Figure 1B) . was infused into ACC in a separate group of rats. A paired t-test revealed no effect of CNO on the 210 total mean number of lever presses during 30 min PRC sessions (t(9)=0.48 p=0.64; VEH = 314.9 ± 211 57.34 presses; CNO = 302.7 ± 59.66 presses) ( Supplementary Figure 2A) . The total amount of 212 chow consumed during 30 min PRC sessions was not affected by CNO treatment (t(9)=0.26 p=0.80; 213 VEH = 6.65 ± 0.99 g; CNO = 6.85 ± 0.34 g) (Supplementary Figure 2B) . CNO also had no effect were active in at least one of each session type and significantly modulated by behavior. These 253 cells were further analyzed (see Figure 7 ). (F) Further classification of 449 cells that were active 254 in at least one session of each type (PR, PRC, and CON) and had a significant response to either 255 lever press (LP) or reward port head entry (HE) events during at least one session type; We 256 separately analyzed cells which responded before lever-press (pre-LP) and after head-entry (post-257 HE).
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Figure 3. Effects on choice behavior following DREADDs inhibition of Anterior
198
Figure 4. Effects on choice behavior following DREADDs stimulation of Anterior
259
Single cell responses. We recorded a total of 1151 neurons from ACC in 4 animals (136 260 from rat #1, 567 from rat #2, 254 from rat #3, 194 from rat #4). Each neuron's spike events were 261 extracted by deconvolving its denoised calcium trace (sampling rate = 7.5 Hz; see Methods). A 262 cell's baseline spiking probability was measured during time periods that were at least ±5 s away 263 from any lever press ("LP") or head entry ("HE") into the reward magazine. To analyze neural 264 responses to LP and HE events, perievent time histograms (PETHs) were generated by combining 265 data from all sessions of a given type (PR, PRC, or CON) during which the cell fired at least one 266 spike. Spike probabilities were computed in time bins within ±3 s of the trigger event (LP or HE), 267 and compared against baseline using a binomial probability test (bin width = 133.33 ms, derived 268 from the 7.5 Hz frame rate). Any cell exhibiting at least 3 bins with spike rate exceeding baseline 269 at the p<.01 level was classified as "responsive" within the 6 s period surrounding the trigger event.
270
To analyze how responses to HP and LE events varied with session type (PR, PRC, CON), 271 we identified a subset of 449 neurons (39% of all recorded cells) that were: 1) active during at least 272 one session of each type, and 2) significantly responsive to either LP or HE events (or both) during 273 at least one of the three session types ( Figure 6E) . The natural sequence of task behavior caused 274 LP events to often be followed within 3 s by HE events, and likewise, for HE events to often be 275 preceded within 3 s by LP events (Supplementary Figure 3) . This was because immediately after 276 completing the required number of LPs for a trial, the lever was retracted and the rat went to the 277 magazine where it generated an HE event that closely followed the last LPs of that trial.
278
Consequently, cells that responded after LP events or before HE events could not be 279 unambiguously classified as responsive to one kind of event or the other (LPs versus HEs, because 280 the response was proximal to both kinds of events). By contrast, LP events were rarely preceded 281 within 3 s by HE events, and HE events were rarely followed within 3 s by LP events 282 (Supplementary Figure 3) . We thus restricted further analysis to cells that consistently responded 283 before but not after LP events ("pre-LP" cells, n=131), or after but not before HE events ("post-284 HE" cells, n=135), or both ("LP-HE" cells, n=89); cells that responded after LP events or before 285 HE events (n=94) were omitted from further analysis ( Figure 6F) . 286 Population responses preceding LP events. For every cell that responded prior to LP events 287 (that is, cells belonging to either the pre-LP or LP-HE cell populations), three LP-triggered PETHs 288 were generated (one for each session type: PR, PRC, CON; Figure 7A ). To normalize the response 289 of each cell, the bins of all three PETHs for the cell were divided by the maximum value observed 290 in any bin across all three PETHs. A population average of responses surrounding LP events was 291 computed as the mean of the normalized PETHs (Figure 7B) . Each cell's summed normalized 292 response during the 3 s preceding LP events was computed for each session type, and it was found 293 that pre-LP responses differed significantly by session type (Friedman's non-parametric ANOVA: 294 p = 8.57e-10; Figure 7B ,C). Post-hoc comparisons revealed that the pre-LP response was greatest 295 during PR sessions, smallest during PRC sessions, and intermediate during CON sessions, with 296 significant differences between all three session types (Sign rank test: PR > CON, p = 7.94e-04;
297
PR > PRC, p = 3.22e-12; CON > PRC, p = 4.14e-06) ( Figure 7C ).
298
Population responses following HE events. For every cell that responded after HE events 299 (that is, cells belonging to either the post-HE or LP-HE cell populations), three HE-triggered 300 PETHs were generated (one for each session type: PR, PRC, CON; Figure 7D ). Population 301 averaged responses surrounding HE events were computed for each of the three session types, 302 using the same methods described above for LP-triggered PETHs (Figure 7E ). It was found that Discussion 324 We found that either chemogenetic silencing or stimulation of ACC excitatory neurons resulted in 325 decreased PR lever pressing for a qualitatively preferred option, but this effect was only observed 326 when a concurrently available, lower effort alternative was available, and not when lever pressing 327 was the only response option. Chemogenetic manipulations had no effects on the ability to lever 328 press for sucrose or on food preference. CNO administration also had no effects in rats lacking 
367
ACC calcium imaging. We used in vivo calcium imaging to investigate how ACC neurons 368 responded during lever pressing and reward retrieval (i.e., reward port head entry) during PR, PRC, 369 and CON sessions (Figure 7) . A total of 449 neurons from 4 rats were successfully recorded during 370 at least one session of each type and had a significant response to surrounding lever press or head 371 entry. About half of these neurons (220/449) fired significantly above baseline during the 3s time 372 window preceding lever presses in at least one of the three session types (Figure 7A-C) . These 373 pre-lever responses were significantly lower during CON than PR sessions, and since rats were 374 sated on chow before lever pressing during CON but not PR sessions, it appears that satiety from 375 chow consumption may have attenuated neural responses during the pre-lever period. Consistent 376 with this interpretation, calcium activity during the pre-lever period was also lower during PRC 377 than PR sessions. However, pre-lever activity was even lower during PRC than CON sessions 378 (despite the fact that rats were similarly sated on chow at the start of both PRC and CON sessions), 379 suggesting that satiety on chow plus free chow availability attenuated pre-lever calcium activity 380 even more than satiety alone.
381
About half of the recorded ACC neurons (224/449) fired significantly above baseline 382 during the 3s time window following head entry into the reward magazine, which was the period 383 during which the rat retrieved and consumed the high value sucrose reward (Figure 7D-F) reduced motivation to lever press might account in part for the attenuated calcium activity we 402 observed in ACC during the pre-lever period of PRC sessions, compared with PR and CON 403 sessions. However, since pre-lever calcium activity was also lower during CON sessions than PR 404 sessions, satiety may have also attenuated calcium activity prior to lever pressing.
405
In summary, neural activity associated with sucrose pellet collection in ACC may be 406 strongest when sucrose is the only available option, and weakened by the presence of the 407 counterfactual choice. This is consistent with prior evidence that rat ACC encodes "the utility of at the beginning of the choice phase (details below). Rats were monitored every other day for their 477 body weight, and were never permitted to drop below their 85% free feeding baseline weight.
478
Training and testing were conducted during the early portion of the dark cycle (~0800 to 1200 H).
479
Experiments were conducted 5-7 d per week, and rats were fed once daily on weekends (12 g) 480 when testing was not conducted. All procedures were reviewed and approved by the Chancellor's 481 Animal Research Committee (ARC) at the University of California, Los Angeles.
482
Food restriction. One day before behavioral testing began, rats were singly-housed, the 483 amount of chow given to each rat was reduced to 12 g/d, and rats were given ~10 sucrose pellets Bregma. Since no differences emerged from this differential targeting, we combined the Cg1 505 groups. In the imaging experiment, coordinates were: AP= +2.0 mm, ML= ±0.7 mm, DV= −1.4 506 mm (0.5 μL) from Bregma, and a second 0.5 μL bolus of virus was injected at DV= -0.9 mm.
507
Injectors extended 1 mm beyond the tip of the cannula. Following the 5-minute diffusion time, the 508 cannulae and injectors were removed, incisions were stapled closed, and the rats were placed on a 509 heating pad and kept in recovery until ambulatory before being returned to the vivarium. selected cells that were 1) significanty modulated in at least 1 of any session type and 2) was 647 detected in at least 1 session of each type (regardless of significance). PETHs for each cell were 648 averaged across sessions of the same type, and the peak response time was determined from the 649 max time bin of the gaussian smoothed average PETH (3 bin width, 400ms). Cells were split into 650 pre-and post-bout labels based on their summed response magnitude before and after LP or HE 651 (pre: <0, post: >0). Cells with a pre-LP response in either PR, PRC, or CON conditions, and were 652 detected in every condition, were labelled as "pre-LP" cells ( Figure 7A) . Cells with a post-HE 653 response in either PR, PRC, or CON conditions, and were detected in every condition, were 654 labelled as "post-HE" cells ( Figure 7D) . Cells that fell into the post-LP and pre-HE category were 655 not evaluated due to the substantial overlap between behaviors during this time period. The average 656 PETH of the pre-LP and post-HE populations were constructed to yield population response curves 657 (Figure 7B,E) . Pre-LP cells were evaluated across the three conditions using the average response 658 for each cell during the pre-lever-press time bins (<0 sec) and post HE cells were evaluated using 659 the average response per cell after head-entry (>0 sec) (Figure 7C,F) . 660 Satiety Control Condition. For a subset of calcium imaging sessions, we 661 administered a satiety control condition. For these sessions we capitalized on the fact that rats 662 typically consume chow early in the test session, presented them with the lever and the chow 663 initially, allowed them to consume chow, but then removed the chow once the rat began to lever 664 press. This control condition allowed rats to reach a comparable motivational (more sated) state 665 relative to the PR-only condition, and thus controlled for satiety differences between PR and PRC 666 sessions. 
